Thoughts on Rirap Protection around Bridge Piers by Chiew, Yee-Meng
Conference Paper, Published Version
Chiew, Yee-Meng
Thoughts on Rirap Protection around Bridge Piers
Verfügbar unter/Available at: https://hdl.handle.net/20.500.11970/100006
Vorgeschlagene Zitierweise/Suggested citation:
Chiew, Yee-Meng (2006): Thoughts on Rirap Protection around Bridge Piers. In: Verheij,
H.J.; Hoffmans, Gijs J. (Hg.): Proceedings 3rd International Conference on Scour and
Erosion (ICSE-3). November 1-3, 2006, Amsterdam, The Netherlands. Gouda (NL):
CURNET. S. 128-134.
Standardnutzungsbedingungen/Terms of Use:
Die Dokumente in HENRY stehen unter der Creative Commons Lizenz CC BY 4.0, sofern keine abweichenden
Nutzungsbedingungen getroffen wurden. Damit ist sowohl die kommerzielle Nutzung als auch das Teilen, die
Weiterbearbeitung und Speicherung erlaubt. Das Verwenden und das Bearbeiten stehen unter der Bedingung der
Namensnennung. Im Einzelfall kann eine restriktivere Lizenz gelten; dann gelten abweichend von den obigen
Nutzungsbedingungen die in der dort genannten Lizenz gewährten Nutzungsrechte.
Documents in HENRY are made available under the Creative Commons License CC BY 4.0, if no other license is
applicable. Under CC BY 4.0 commercial use and sharing, remixing, transforming, and building upon the material
of the work is permitted. In some cases a different, more restrictive license may apply; if applicable the terms of
the restrictive license will be binding.
  
Thoughts on Riprap Protection around 
Bridge Piers 
 
Y. M. Chiew* 
*
 School of CEE, Nanyang Technological University, Singapore 639798  
 
 
 
ABSTRACT 
Using riprap stones as an armoring countermeasure to 
protect bridge piers against scour has been used by 
hydraulic engineers for over a century.  Its success, 
however, is not always guaranteed, and bridges 
sometimes are found wanting under certain flood 
conditions.  Recent experimental studies over the past 25 
years have revealed five main failure mechanisms 
associated with riprap protection around bridge piers.  
They are (1) Edge failure; (2) Shear induced failure; (3) 
Winnowing failure; (4) Bedform-induced failure; and (5) 
Bed-degradation induced failure.  In order to ensure 
riprap as an effective scour countermeasure, each of 
these failure mechanisms must be addressed.  This paper 
presents recent research findings in addressing how these 
failure mechanisms are tackled.  Additionally, it also 
offers innovative ideas for additional research to 
eliminate or at least reduce the extent of the failure 
mechanisms. 
I. INTRODUCTION 
The formation of a pier-scour hole around bridge 
foundations has been the cause of many failures.  
Published data have unequivocally supported the 
correlation between bridge failure and pier-scour [1].  
Because of the important relationship between scour hole 
formation and bridge failure, engineers have adopted 
various protection methods with the intention of either 
eradicating or at least minimizing the size of the scour 
hole.  Whenever plausible, some engineers have avoided 
piers in their design such that pier-scour hole is eliminated 
altogether.  When the construction of piers is inevitable, 
design considerations of bridge foundations must include 
pier-scour prediction for without which, the integrity of 
the bridge may easily be compromised. 
 
Engineering methods developed to deal with pier-scour 
problems are unsophisticated and they generally can be 
categorized into two distinctive groups: flow-altering and 
armoring countermeasures.  References [1] and [2] 
provide excellent descriptions of both these two types of 
scour countermeasures.  Considering the frequency of use 
between these two types of scour countermeasure in 
practice, it appears that practitioners have endowed more 
confidence in armoring rather than flow-altering 
countermeasure.  The principle behind an armoring 
countermeasure is the provision of a more resistant 
sediment bed to withstand the pier-induced flow field in 
the form of the downflow and horseshoe vortex.  A host of 
devices, for example, riprap stones, cabled-tied blocks, 
Reno Mattresses, concrete-filled mats and bags, concrete 
apron, dolos, tetrapods, etc. have been used as armoring 
countermeasure with varying degrees of success.  One of 
the main reasons for their often unpredictable behavior 
under field conditions may be attributed to the lack of 
systematic research on their performance.  This deficiency 
has, to a large extent, been addressed in the past two and a 
half decades when systematic research investigations were 
carried out in many parts of the world.  Results from these 
studies have provided an improved understanding on the 
performance of armoring countermeasure used to protect 
against pier-scour.  The use of riprap stones as a pier-
scour countermeasure has particularly been tested.  With 
these studies, we now can better understand how riprap 
stones around a bridge pier fail under both clear-water and 
live-bed conditions. 
 
II. FAILURE MECHANISMS 
Based on numerous experimental studies conducted in a 
wide range of flow conditions [3~7], we now can identify 
five different failure mechanisms associated with riprap 
failure around bridge piers.  They are: 
 
1. Edge failure: rocks at the edge of the riprap layer 
are eroded, which affected its stability; 
2. Shear failure: riprap stones are entrained by the 
local pier-induced flow field due to their 
inadequate resistance; 
3. Winnowing failure: the underlying finer bed 
material are winnowed through the voids or 
interstices of the riprap stones; 
4. Bedform-induced failure: riprap stones are 
disturbed by the fluctuation of the bed level due to 
the propagation of bedforms such as dunes past the 
pier; and 
5. Bed-degradation induced failure: riprap failure 
associated with general scour. 
 
Edge Failure 
While the above five failure mechanisms were deduced 
primarily from studies conducted with riprap stones, it 
will not be erroneous to surmise that the same failure 
mechanisms apply to all types of armoring 
countermeasure, such as the devices stated above.  A 
classical example of edge failure can be seen at a bridge in 
Taichung, Taiwan where a thick concrete apron was 
  
placed around the bridge pier (Fig. 1a).  This is coupled 
with placement of tetrapods immediately downstream of 
the apron.  Figures 1(b) and (c) show how edge failure 
effectively eroded all the tetrapods.  With the total failure 
of the tetrapods at this bridge, the concrete apron has 
become extremely venerable and the integrity of the 
bridge may be seriously compromised.   This example 
clearly shows how edge failure can be extremely 
detrimental to armoring countermeasure. 
 
 
 
Figure 1(a).  Concrete apron as a pier-scour countermeasure at a bridge in 
Taichung, Taiwan 
 
 
 
Figure 1(b).  Edge failure leading to erosion of the tetrapods 
 
 
 
Figure 1(c).  Eroded tetrapods downstream of bridge 
 
Edge failure is also found in many other scour 
protection schemes apart from piers.  It is often 
inadvertently induced by placing a layer of rocks or riprap 
mattress over the bed material around some hydraulic 
structures.  Reference [8] described the close correlation 
of edge failure and the eventual demise of an offshore 
submarine pipeline.  Similar failures were also observed 
downstream of many tidal gates in certain parts of 
Malaysia and Singapore. 
 
Experimental studies [3] have shown that edge failure 
occurs at the periphery or edge of the coarse riprap stones 
and fine bed sediment interface, an occurrence that is not 
uncommon in flume experiments involving a rigid-loose 
bed interface.  At such a location, a scour hole inevitably 
forms on the downstream erodible bed.  With riprap 
protection around a bridge pier, edge failure can occur 
when the coarse riprap stones remain intact or stable.  
With the intact riprap layer in place, the downstream finer 
sediment particles are entrained by the flow because of 
their lower critical shear stress.  When this happens, a 
local depression forms and the larger riprap stones are 
exposed.  The stones at the edge thus roll or slide into the 
depression, as shown in Figure 2. 
 
 
Figure 2.  Schematic illustration of edge failure [3] 
 
With a riprap layer placed around a bridge pier, edge 
erosion generally occurs at the downstream end of the 
riprap layer.  It takes place at low velocity ratio where 
shear and winnowing erosion are normally absent, and 
often constitutes the first sign of failure of the riprap 
layer.  With the erosion of some of the larger riprap 
stones due to edge erosion, shear erosion and 
subsequently winnowing erosion may set in.  Using a 
series of six photographs, ref [3] described how riprap 
failure begins with edge failure at the downstream of the 
riprap layer.  How the riprap layer would progress 
beyond edge failure is very much dependent on its aerial 
coverage and thickness.  This aspect of scour research is 
still not thoroughly investigated. 
Edge failure was also observed at the upstream end of 
the bridge pier.  Describing this type of occurrence, ref 
[9] stated that “as the scour (at the upstream location) 
progresses deeper, edge stones in the riprap layer begin to 
experience undercutting, causing them to subside into the 
scour region.  With the edge stones removed the inner 
riprap is exposed.  These stones gradually subside as sand 
is winnowed from beneath them”. 
Edge failure, whether it occurs at the upstream or 
downstream end of the bridge pier, serves as an important 
function in weakening the riprap layer.  By itself, edge 
  
failure will not render the demise of the riprap layer 
because it does not have a direct impact on the foundation 
of the hydraulic structure.  Its role is indirect in that it 
 
(a) Exposes the larger stones in the coarse-fine 
sediment interface, rendering them more 
susceptible to erosion; and  
(b) Reduces the thickness of the riprap layer, 
thereby promoting winnowing failure. 
 
In summary, edge failure hastens the eventual demise 
of the riprap layer as it enhances either winnowing or 
shear failure.  The former leads to embedment while the 
latter enhances disintegration of the riprap layer. 
 
Shear Failure 
Shear failure, which is the most studied of all the failure 
mechanisms to-date, can similarly cause bridge failure.  It 
refers to the entrainment of riprap stones or other 
armoring countermeasure devices by the pier-induced 
flow field.  Its occurrence simply means that the stones or 
other armoring devices used are just not large or heavy 
enough to withstand the local flow filed.  To properly 
account for this failure mechanism is rudimentary; all one 
needs to do is to select a device with larger or heavier 
units to resist erosion.  Theoretically, this refers to the 
condition where the critical shear stress of the device is 
larger than the applied shear stress.  Studies over the past 
quarter century have provided many empirical and semi-
empirical equations for the selection of the appropriate 
riprap stone size to withstand the designed flow field.  A 
list of these equations was compiled by [7], who also 
compared each of their performance under given flow 
conditions.  Some of these equations and their efficiency 
can be found in [1, 6, 7]. 
 
While the principle behind carrying out a design against 
shear failure is straightforward, engineers have sometimes 
adopted the use of gabions or Reno mattresses as an 
armoring countermeasure device.  One of the reasons is 
the possibility of using smaller size rocks placed within a 
cage rather than the larger and often more expensive 
rocks.  While this can satisfy the designed condition with 
reference to the threshold or critical shear stress of the 
gabions as a unit, it will fail if the steel cages break as they 
deteriorate with time.  This is especially important if the 
gabions are in contact with seawater.  With such 
breakages, shear failure inevitably takes place as the 
smaller rocks within the cage are not designed for the 
local flow field. 
 
Winnowing Failure 
Another important failure mechanism has been 
identified as winnowing failure, which refers to the 
situation where the underlying finer bed material is 
winnowed through the voids or interstices of the coarser 
riprap stones.  The same process of winnowing can also 
be observed in natural alluvial channel, especially for 
beds consisting of sediments with different strata in 
which a layer of coarse particles overlay that of finer 
sediments.  Under this condition, erosion of the 
underlying finer sediment particles through the voids of 
the coarser ones may occur.  The extent of winnowing is 
dependent on the magnitude and type of flow, and the 
relative size of the overlying coarse and underlying fine 
sediment particles.  Reference [3] described some 
experiments conducted in a 2-dimensional flow where 
winnowing is the dominant mode of erosion.  In a 3-
dimensional flow field, as is the case of flow around a 
bridge pier, winnowing is even more conducive because 
of the high level of turbulence.  This is especially 
apparent if there are less than three layers of coarse 
stones making up the riprap layer.  Experimental 
observations [3, 4, 9] have clearly revealed the 
importance of winnowing on the degradation of a riprap 
layer.  Under such a condition, the riprap stone is large 
enough to resist shear failure, but the underlying finer 
sediments were entrained through the process of 
winnowing.  The effectiveness of a riprap layer or other 
armoring countermeasure devices can easily be 
compromised if winnowing failure becomes excessive.  It 
can lead to significant degradation of the riprap mattress 
or embedment failure, which can have dire consequences 
on the performance of the riprap layer.  To this end, ref 
[3] has published a figure, which is reproduced in this 
paper as Figure 3 to demarcate embedment failure 
(caused primarily by winnowing failure) from total 
disintegration failure (caused primarily by shear failure). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Classification of failure mode of riprap layer [3] 
 
Bedform-Induced Failure 
The above three failure mechanisms occurs under both 
clear-water and live-bed conditions.  The last two, vis-à-
vis bedform-induced and bed-degradation induced failure 
occur under live-bed conditions only.  Bedform-induced 
failure can be especially important in terms of its impact 
on the effectiveness of riprap layer as a pier-scour 
countermeasure.  This is especially so if large dunes are 
present on the approaching bed as bedform-induced 
failure is closely related to the fluctuating bed level due to 
the propagation of ripples or dunes past the riprap layer.  
Two important effects can be identified with reference to 
this correlation.  First, the fluctuating bed level causes the 
riprap stones to lose support, and therefore stability.  
Second, when the trough of the dunes arrives at the riprap 
layer, high level of turbulence is generated at the 
reattached zone of the flow over the dune crest.  These 
two occurrences combine with the pier-induced flow field 
to pluck and erode the riprap stones.  Once these stones 
 are eroded, the degraded layer becomes thinner and is 
further loosened, which gives an impetus for winnowing, 
resulting in the embedment of the riprap layer. 
 
Reference [4] has devised and conducted an 
experiment to differentiate bedform-induced failure from 
the other three types of failure discussed earlier.  It 
involves two tests which were both conducted under 
transition flat bed conditions at a velocity ratio, U/Uc = 
4.5.  All the other test conditions were identical except 
that in the first test, the flow velocity was increased as 
quickly as practicable so that transition flat bed was 
formed immediately after the onset of the test.  The 
objective of such a procedure is to avoid the formation of 
ripples or dunes on the approaching bed so as to negate 
any bedform-induced failure at the riprap layer before the 
test was conducted.  With the second test, velocity was 
increased incrementally, thus allowing ripples and dunes 
to form prior to the final test with U/Uc = 4.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.   Temporal variation of scour depth in transition flat bed 
regime with different antecedent bedforms: (a) Immobile plane bed; (b) 
Immobile plane bed, ripples and dunes [4] 
 
Figure 4 shows the results of the two tests, and it 
depicts the temporal scour depth fluctuation at U/Uc = 4.5 
where transition flat bed was present on the approaching 
bed.  The horizontal lines in the figures depict the depth 
of the riprap layer degradation, drp – the level to which 
the riprap layer has degraded.  It shows that drp for Tests 
(a) and (b) = 133 mm and 176 mm, respectively.  In Test 
(a), the scour depth expectedly fluctuates with time, 
which is due to avalanches of the sediment particles on 
the upstream slope of the scour hole.  The result shows 
that the riprap layer has clearly degraded to the same 
level as the maximum scour depth.  On the other hand, drp 
associated with Test (b) is deeper by 43 mm when 
compared to that associated with Test (a).  The reason for 
the deeper drp is because of the antecedent condition 
where ripples and dunes were present.  The difference of 
43 mm (difference between 176 and 133 mm) is caused 
by bedform-induced failure.  These tests clearly highlight 
the importance of bedform-induced failure, as it will 
amplify the extent of riprap layer degradation. 
 
The importance of bedform-induced failure at riprap 
layers is also highlighted in [2, 9].  In the latter study, the 
authors concluded that destabilization of a riprap layer by 
the progression of bedforms past the pier is the dominant 
failure mode under live-bed conditions, whereas shear, 
winnowing and edge failures play a secondary role. 
 
Bed-Degradation Induced failure 
The fifth mechanism affecting riprap failure at bridge 
piers is bed-degradation induced failure [11, 12].  Unlike 
the other four, this type of failure will only occur under a 
condition when general scour is present.  Under this 
condition, there is a net loss of sediment over the section 
of the river in which the bridge is founded. 
 
If the riprap stones around a bridge pier remain intact 
in a river subjected to general scour, a mound, as shown 
in Fig. 5, will form around the pier.  Although it appears 
to serve its function in protecting the pier against erosion, 
the study shows that additional floods with large dunes 
translating past the pier can have dire consequences its 
integrity as a pier-scour countermeasure.  Observations in 
[11] showed that the riprap layer had disintegrated 
significantly when two floods of similar magnitude were 
allowed on the riprap layer cum bridge pier.  This result 
suggests that recurrent maintenance is necessary to 
enhance the effectiveness of the riprap layer in protecting 
the pier against scour in a degrading channel. 
 
 
Figure 5.  Formation of riprap mound around bridge pier  
in a degrading bed 
 
III. PIER-SCOUR PROTECTION 
In order to have a riprap layer or other armoring 
countermeasure devices that effectively protect bridge 
piers against scour, it is imperative that all the above 
failure mechanisms be attended to.  Although many 
auxiliary designs have been added to a pier-riprap layer in 
practice, its performance is still not absolute or certain.  
Field results have shown that many bridges do fail as a 
result of the scour hole that forms at their foundation 
despite riprap protection with or without such auxiliary 
addendum. 
 
This paper presents two recent ideas developed at the 
Nanyang Technological University, Singapore on how 
some of the failure mechanisms described earlier can be 
tackled by incorporating a complementary or stand-alone 
method to augment the effectiveness of pier-scour 
protection.  Understanding on how these methods perform 
is still in its infancy stage, but preliminary research offers 
promising results.  It is hoped that with more systematic 
research, the performance of these methods can be better 
understood so that field deployment may be implemented 
with more certainty and assurance of success.  The two 
new methods are: 
 
(1) Incorporation of suction with a riprap layer; and 
(2) Use of tetrahedron frames. 
 
Incorporation of Suction with Riprap Protection 
 The possible use of suction to augment the performance 
of a riprap layer around bridge piers arises from results 
obtained from an extensive research program on seepage 
effects on turbulent open-channel flow and sediment 
transport carried out at the Nanyang Technological 
University by the author and his co-workers.  Those 
studies show that the turbulent characteristics of the flow 
are significantly modified even though the seepage flow 
rates, either as suction or injection, are only a small 
fraction of the main flow rates in the channel.  
Additionally, the studies also show that the incipient 
sediment motion and the dune geometry change with 
seepage.  Arising from these findings, it is surmised that 
utilization of seepage can likewise modify the behavior of 
both the flow and sediment transport around a bridge pier.  
If such changes in flow and sediment transport pattern 
could be exploited, the performance of the riprap layer 
may be enhanced to counteract some or all the failure 
mechanisms associated with pier-riprap failure. 
 
 A series of tests was conducted using uniform sediment 
with a median grain size, d50 = 2.2 mm as the bed 
material.  A cylindrical pier made from a 50-mm diameter 
Perspex tube was placed in the test section.  A riprap 
layer, made from uniform coarse gravel with median grain 
size = 30 mm and density = 2,650 kg/m3 was placed 
around the cylindrical pier.  The cover and thickness of 
the riprap layer are 14 cm and 5 cm, respectively.  Figure 
6 shows how seepage was introduced upstream of the 
riprap layer by means of three pipes embedded beneath 
the sediment bed.  The streamwise distance between the 
pipes was 58 mm and identical holes with diameter = 6 
mm were drilled around the pipe. 
 
 Three sets of experiments were conducted to explore 
how suction affects the performance of the riprap layer.  
In Series A, tests were conducted without suction, and the 
results form the basis for comparison.  In the second 
Series B, only pipe 1 was in operation while all three 
pipes were used to produce suction for Series C.  
Moreover, three shear stress excess at u*/u*c = 1.1, 1.4 and 
1.8 were used in the tests.  The experimental results are 
summarized in Table 1. 
 
 The experimental data in Table 1 are plotted in terms of 
%RDP as a function of Qs/Qo.  The former is defined as 
the reduction ratio of the depth of riprap layer with (drs) 
and without suction (dro) 
 
       %100% x
d
ddRDP
ro
rors −
=      (1) 
 
 On the other hand, Qo and Qs are defined as the 
undisturbed main flow rate in the channel and the suction 
flow rate, respectively.  Figure 7 shows how the ratio of 
suction rates affects degradation of the riprap layer. 
 
 
 
(a) Cross-section view 
 
 
(b) Plan view 
 
Figure 6.  Experimental setup of seepage tests  
with pier- riprap  
  
TABLE 1. 
Summary of Experimental Results 
 
No of 
Pipes 
Q 
m3/h 
Qs 
m3/h 
dr 
mm 
Qs/Q 
% 
% 
RDP 
u/uc = 1.1 
1 220 0 21 0 0 
1 220 1.125 14 0.51 33.3 
1 220 1.8 10 0.82 52.4 
u/uc = 1.4 
1 275.4 0 30 0 0 
1 275.4 1.125 23 0.41 23.3 
1 275.4 1.8 17 0.65 43.3 
u/uc = 1.8 
3 367 0 51 0 0 
3 367 0.4 35 0.11 31.4 
3 367 0.52 36 0.14 29.4 
3 367 0.69 40 0.19 21.6 
3 367 1.5 44 0.41 13.7 
3 367 1.8 42 0.49 17.7 
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Figure 7.   Effect of suction on riprap layer degradation 
 
 The results in Fig. 7 clearly show that suction does have 
a significant effect on the riprap layer degradation.  In all 
the tests, the %DRP exceeds 0, reaching a maximum value 
of 52.4% when only one pipe with suction ratio, Qs/Qo = 
0.82% is in operation.  The result is clearly promising 
with reference to suction effects on riprap protection 
against pier-scour.  The reduction in riprap layer 
degradation is attributed to the reduction in the local 
turbulence intensity in the flow.  This in turns impedes 
winnowing failure resulting in a significant reduction in 
drs. 
 
 The data in Fig. 7 also show a decreasing trend, which 
is associated with tests conducted with u*/u*c = 1.8, where 
dunes with a measurable height were present.  Under this 
condition, the dominant mode of failure is no longer 
winnowing but that of bedform-induced failure.  Under 
this condition, the critical variable is the size of the dune 
propagating past the riprap layer, and suction has the 
unfortunately effect of increasing the dune height [13].  
The overall impact on riprap layer degradation is due to 
the combined influence of both a reduction in turbulence 
intensity and an increase in dune height.  The 
experimental results appear to show that the effect of the 
latter surpasses that of the former, resulting in a reduction 
in %RDP, as shown in Fig. 7. 
 
 While no definitive conclusions can be drawn presently 
due to the limited data we have, the results show that 
seepage application does offer a positive improvement on 
riprap protection at bridge piers. 
 
Use of Tetrahedron Frame 
 The use of tetrahedron frame as a pier-scour 
countermeasure was first advocated by researchers from 
the College of water Conservancy and Hydropower 
Engineering at the Hohai University in Nanjing, China.  
This new scour countermeasure was tested in the 
laboratory and subsequently used for river bank 
protection.  Extension of its use as a pier-scour 
countermeasure was discussed and later tested at the 
Nanyang Technological University (NTU) under a 
collaborative research program between these two 
Universities. 
 
 The results from the tests conducted at NTU are 
reported in another paper presented in this conference, and 
they will not be repeated here.  Suffice to say that the 
results also offer an extremely promising trend in that the 
problem of edge failure appears to have been addressed.  
If proven to be effective, this method will offer a most 
important advancement on using armoring 
countermeasure at bridge piers. 
 
IV. CONCLUSIONS 
Research investigations from around the world over the 
past quarter century have revealed that a pier-riprap layer 
is subjected to five different failure mechanisms.  They 
can act singly or combine to cause embedment or total 
disintegration of the riprap layer.  These five failure 
mechanisms are edge failure, shear failure, winnowing 
failure, bedform-induced failure and bed-degradation 
induced failure.  In order to provide an effective means to 
protect against pier-scour, it is imperative that the scour 
countermeasure must be able to withstand all these failure 
mechanisms.  Based on understanding of these failure 
mechanisms, this paper presents two new and innovative 
pier-scour protection devices.  The results so far show an 
extremely promising trend in that they arrest directly or 
indirectly edge failure, winnowing failure and bedform-
induced failure.  If proven to be effective when more 
experimental data become available, these methods may 
be used with more confidence in the field as a reliable 
pier-scour countermeasure around bridge piers.  They may 
even be extended for use in other hydraulic or coastal 
structures. 
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